An intriguing aspect of the tumor suppressor p53 is its ability to communicate to the adaptive immune system and control the cytotoxic T-lymphocyte (CTL) response to cancer cells. Wild-type p53 (wtp53) communicates with CTLs through proteins involved in the major histocompatibility complex (MHC) class I antigen presentation pathway [e.g., transporter associated with antigen processing 1 (TAP1) and endoplasmic reticulum amino peptidase 1 (ERAP1)], the apoptosis signal receptor Fas/APO-1, and the inhibitory immune-checkpoint programmed death-ligand 1 (PD-L1). The presence of wtp53 in cancer cells ultimately promotes effector CTL-induced tumor cell death. Analogously, wtp53 in tumors unleashes the CTL response via inhibition of PD-L1 and enhances their effectiveness by upregulating Fas/APO-1 and MHC I.
Introduction
Tumor suppressor p53 is a transcription factor that has a well characterized role in regulating the expression of numerous downstream target genes involved in cell cycle progression, cell death, and metabolism (1, 2) . In normal cells, p53's function is suppressed by its negative regulator murine double minute 2 (MDM2) which induces ubiquitination and degradation of p53 (3) . In response to various genotoxic stresses, p53 is post-translationally modified (e.g., phosphorylated), which inhibits the interaction of p53 with MDM2, leading to stabilization and activation of p53 (4) .
Increasing evidence indicates that p53 also plays crucial roles in the regulation of immune responses, specifically in several aspects of the cytotoxic T-lymphocyte (CTL)-tumor cell interaction (5) (6) (7) (8) . Indeed, p53 responsive elements have been found in genes which impact the CTL response including the transporter associated with antigen processing 1 (TAP1) and endoplasmic reticulum amino peptidase 1 (ERAP1), through which p53 is directly involved in the upregulation of antigen presentation via the major histocompatibility complex (MHC) I pathway (5,7) ( Figure 1) . The interaction between MHC I on cancer cells and the T-cell receptor (TCR) on CTLs is essential for the adaptive immune response to cancer; however, proper costimulation is also necessary for the CTL-mediated tumor cell killing (9) . The positive co-stimulatory signals required for CTL activation can be trumped by negative regulators [e.g., programmed death-ligand 1 (PD-L1)], if bound to the appropriate receptor (9) (Figure 1) . Interestingly, p53 Fas/APO-1. TAP1 upregulation facilitates antigen (oligopeptide) transport into the ER. ERAP1 within the ER further trims peptides to an appropriate size prior to antigen loading onto the MHC I complex. The upregulation of miR-34 leads to degradation of PD-L1 transcripts.
Fas/APO-1 expression at the tumor cell surface allows for the induction of apoptosis by the CTL after the CTL has recognized a mutated or foreign peptide on MHC I of tumor cells; (B) tumor cells lacking wtp53 or expressing mutp53 with lower levels of TAP1, ERAP1, miR-34, and Fas/APO-1. In these cells, fewer antigen transporters (TAP1) in the ER membrane and a lower concentration of ERAP1 are present. As a result, MHC I expression is limited. Due to low levels of miR-34, PD-L1 is sufficiently expressed at the cell surface, resulting in inhibition of the CTL upon binding to the PD-1 receptor. CTL, cytotoxic T-lymphocyte; wtp53, wild-type p53; TAP1, transporter associated with antigen processing 1; ERAP1, endoplasmic reticulum amino peptidase 1; ER, endoplasmic reticulum; MHC, major histocompatibility complex; PD-L1, programmed death-ligand 1; mutp53, mutant p53; PD-1, programmed cell death-1. upregulates a microRNA, miR-34, which leads to reduced expression of PD-L1 (6,10) ( Figure 1) . Also, p53 is known to upregulate Fas/APO-1 expression in tumor cells which results in the induction of CTL-mediated apoptosis upon Fas-ligand (FasL) binding to Fas/APO-1 (8) (Figure 1) . Thus, p53 can suppress tumor growth by recruiting CD8+ T-lymphocytes and facilitating their cell killing effects on tumor cells. This review will focus on the interaction of CD8+ T-cells and tumor cells with emphasis on how p53 impacts the outcome of this interaction.
Status of p53 impacts CTL-mediated tumor suppression
CTLs must be activated before inducing apoptosis in a tumor cells. Mature but naive CTLs circulate through the blood stream and lymphatics scanning secondary lymphoid tissues for binding affinity to antigen-MHC I complexes on professional antigen presenting cells (APCs). If the proper co-stimulatory signals are present, the CTL-APC interaction leads to activation of the CD8+ T-cell, which is termed as phase 1 of the CTL response (9). Following phase 1, the CTLs migrate to the site of the tumor. If a tumor cell expresses the antigen-MHC I complex which the CTLs recognize, then phase 2 of the response is initiated. Phase 2 of the CTL response is an intimate interaction between TCRs on a CTL and antigen-MHC I molecules on a cancer cell. This complex is known as an immunological synapse which is supported by an outer ring of integrin family proteins (9) ( Figure 1 ). Within this synapse, the CTL has two mechanisms which may be utilized to induce apoptosis of the target cell. One is the release of granules which contain perforin and granzymes, and the other is the expression of FasL within this synapse (9) . Since both of these mechanisms result in apoptosis without inducing direct lysis of the target cell, it has been said that CTLs don't kill target cells, they convince them to commit suicide. Expanding on this train of thought, it is now known that tumor cells with wild-type p53 (wtp53) can easily have apoptosis induced by CTLs, whereas tumor cells carrying mutant p53 (mutp53) or lacking wtp53 are resistant to CTL-mediated apoptosis (11) .
p53 upregulates factors involved in the MHC I antigen presentation pathway MHC I is constitutively expressed on nearly all nucleated human cells (9) . This integral membrane protein complex is a heterodimer which consists of an α-subunit containing three extracellular domains (α1-α3) and an associated extracellular β2 microglobulin subunit. The α1 and α2 domains form a peptide binding groove which anchors the generally hydrophobic C-terminus of oligopeptides that are 8-10 amino acids in length (12) . These oligopeptides are generated by proteasome degradation, expressed extracellularly by MHC I, and evaluated by CTLs through the TCR-MHC I interaction. Therefore, increased expression of MHC I on tumor cells represents an attempt of a cell to flag-down or recruit CTLs in order to evaluate peptides and determine if they are from mutated or foreign proteins. The interferon (IFN) and tumor necrosis factor (TNF) cytokine families are well-documented upregulators of MHC I expression, but intracellular p53 also plays an important role in upregulating the MHC I pathway when there is genotoxic or metabolic stress within the cell, as described in the next section.
p53 upregulates antigen transport in preparation for MHC I loading
Oligopeptides generated via proteasome degradation are initially cytosolic and must be transported into the rough endoplasmic reticulum (ER), in order to be loaded on to MHC I for subsequent expression at the cell surface. TAP1 and TAP2 are the primary proteins that facilitate this transport (13) . They are constitutively expressed at low levels and can be upregulated by IFN. Intriguingly, TAP1 expression is also directly upregulated by p53 (7) . A p53-responsive element is located approximately 300 nucleotides downstream of the transcription start site of TAP1. Exogenous expression of wtp53 in a p53-null H1299 [human non-small cell lung cancer (NSCLC)] cell line increases TAP1 mRNA expression 4-6 times. This increase in mRNA expression was confirmed by western blotting to result in increased TAP1 protein levels. It was also shown that the common p53 mutants V134A, R175H, R249S, and R273H were unable to bind to this p53 responsive element and consequently unable to increase TAP1 expression (7) . This was one of the first clues suggesting that mutations in p53 may contribute to immune evasion by tumor cells.
An important question which Zhu et al. (7) addressed was whether or not upregulation of TAP1 by p53 led to an increase in MHC I-peptide expression at the cell surface. Unfortunately, activation of p53 alone was not sufficient to significantly increase MHC I surface expression in H1299 cells expressing an inducible wtp53. However, when treated with IFNγ for 48 hours, cells expressing wtp53 had a 2.6fold increase in MHC I expression, as compared with 1.5fold increase in MHC I in parental p53-null H1299 cells (7) . Basal levels of LMP7, a proteasome subunit associated with antigen presentation that responds to IFNγ, are very low in H1299 cells (14) , which could explain why the significant increase in MHC I expression is detected only when the H1299 cells are treated with IFNγ (7) . Thus, p53 and IFNγ were found to cooperatively upregulate the MHC I antigen presentation pathway in this cell line. However, the later work by Wang et al. (5) shows that p53 activation itself is sufficient to upregulate MHC I without IFNγ treatment in other wtp53-expressing cancer cell lines and hence effector CD8+ T-cells can efficiently respond to mutated or foreign peptides expressed in these cells.
p53 enhances peptide trimming via ERAP1
Over 85% of oligopeptides generated by proteasome degradation are not the proper length to be presented by MHC I (15) . As a result, after TAP brings peptides to the ER, ERAP1 needs to further trim these epitopes to fit the MHC I binding cleft (16) . This is an essential process in the MHC I antigen presentation pathway, as ERAP1deficient mice have severely impaired CTL responses due to defective MHC I peptide presentation (17) .
Wang et al. (5) demonstrate that p53 is directly involved in the upregulation of ERAP1, further expanding the crucial role of p53 in antigen presentation. By performing a microarray analysis in HCT116 (human colon carcinoma) cells expressing wtp53 and sub-cell lines expressing different p53 mutants (R175H, C176F, G245D, R273C, R280T, R282W), they found that the mRNA expression of TAP1, as well as ERAP1, was higher in the parental HCT116 compared to all of the sub-cell lines expressing mutp53. Quantitative RT-PCR for these genes using p53 +/+ and p53 −/− HCT116 cells with or without treatment with a p53 activator nutlin-3a also revealed that both TAP1 and ERAP1 mRNAs were upregulated by p53 (5) . Further analyses with western blotting and chromatin immunoprecipitation confirmed increase in protein levels of ERAP1 by p53 due to p53 binding to a responsive element in an intron of the ERAP1 gene (5) . The Wang's group (5) Inhibition of the interaction between the programmed cell death-1 (PD-1) receptor and one of its ligands, PD-L1, has been demonstrated to be an effective therapy for multiple types of cancer (18) . PD-L1 expression in non-lymphoid tissues is associated with T-cell tolerance and the resolution of the immune response (9) . This immune checkpoint is beneficial for preventing self-reactive T-cells which would otherwise cause autoimmune disease and is also critical to decrease the inflammatory response after infectious agents have been cleared. However, in the context of malignant neoplasia, PD-L1 expression in tumors inhibits the CTLmediated killing of tumor cells. PD-L1 overexpression is a common mechanism of immune evasion in cancer and is associated with a poor prognosis of cancer patients (19, 20) . Intriguingly, wtp53 decreases PD-L1 expression at the tumor cell surface (6, 10) . This is due to p53's ability to bind to the promoter region of miR-34 and increase its expression. miR-34 then effectively downregulates PD-L1 through binding to the 3' UTR of PD-L1 mRNA (10, 21, 22) . This p53/miR-34/PD-L1 axis was explored comparing wtp53 with mutp53 in HCT116, H1299, and a primary lung carcinoma (H460) cell lines, as well as in cancer tissues from 181 NSCLC patients (6) . All three in vitro systems, including the p53 +/+ and p53 −/− HCT116 cells treated with nutlin-3, a p53-inducible H1299 cell line, and H460 lung cancer cells with or without knockdown of wtp53, showed that PD-L1 expression was downregulated by p53 via upregulation of miR-34 (6) . The authenticity of this pathway was also confirmed through the analysis of cancer tissues from 181 NSCLC patients through data from The Cancer Genome Atlas (TCGA), where a significant inverse correlation between levels of wtp53 and PD-L1 was observed (6) . Moreover, tumors with mutp53 had higher levels of PD-L1 than those with wtp53 (6) . It should be noted that this TCGA analysis was limited because only mRNA levels, and not protein levels, of p53 and PD-L1 were available (6) . Nonetheless, these results indicate that wtp53 binds to the promoter region and increases the mRNA expression of miR-34 which targets the 3' UTR of PD-L1 mRNA; the decreased expression of this immune checkpoint increases the likelihood of CTL-mediated killing of tumor cells (6, 9, 10, 21, 22) .
p53 in tumors promotes CTL-mediated apoptosis via Fas/APO-1
FasL expression in the immunological synapse during the CTL-tumor cell interaction is a mechanism utilized by CTLs to induce apoptosis of target cells (23) . This pathway is dependent upon the expression of the Fas/APO-1 receptor in the cancer cell.
Owen-Schaub et al. (8) first described the upregulation of Fas/APO-1 in tumor cells by p53. Following overexpression of wtp53 in H358 p53-null NSCLC cell line, there was a 2.9-to 3.7-fold increase in Fas/APO-1 protein levels through flow cytometric analyses. This observation was furthermore confirmed by the discovery of p53-responsive elements in the promoter and an intron of the Fas/APO-1 gene (8) . Overexpression of several hotspot p53 mutants in p53-null human erythroleukemia cell line K562 failed to upregulate Fas/APO-1 levels. On the other hand, in K562 cells expressing a temperature sensitive mutp53 (V143A), there was an increase in Fas/APO-1 expression at a permissive temperature of 32.5 degrees Celsius (8) . Thus, p53 upregulating Fas/APO-1 in cancer cells allows for CTL-mediated apoptosis when the CTL recognizes a foreign or mutated peptide expressed on MHC I.
Discussion
The immunomodulatory functions of p53 have shed new light on why cancer cells are selected for p53 mutations. The loss of p53 function leads to well-described unchecked cell-division and malignant transformation (24) . However, these are not the only factors that contribute to the poor prognosis associated with cancers lacking p53 function. As described above, wtp53 upregulates the MHC I antigen presentation pathway, downregulates the inhibitory checkpoint PD-L1 via miR-34, and upregulates the apoptosis receptor Fas/APO-1. Thus, this review article focuses on a less appreciated aspect of this tumor suppressor where loss or mutation of p53 directly leads to an impaired CTL response.
The p53 status of a tumor likely has an influence on the response to therapies which rely upon the CTL response. IL-2 is FDA-approved for the treatment of metastatic melanoma and renal cell carcinoma and is used off-label for neuroblastoma (25) ; however, no study has examined the response to IL-2 with respect to the p53 mutation status of the tumor. The primary mechanism of action of IL-2 is through the proliferation, differentiation, and recruitment of T-cells (25) . However, if a tumor contains mutp53, the lower levels of MHC I and Fas/APO-1, along with increased PD-L1, would likely antagonize the effects of IL-2, hence leading to decreased response rates and uncontested tumor growth. This hypothesis is supported by the observation that the gene transfer of IL-2, along with wtp53, into tumors in a murine mammary adenocarcinoma model shows a synergistic effect on tumor regression (26) .
The ability of wtp53 within tumors to enhance the CD8+ T-lymphocyte response defines p53 as an immunostimulatory transcription factor. Given the intricate regulation of the CTL response by p53, it is plausible that p53 regulates other aspects of the adaptive or innate immune responses to cancer which have not been explored. Moreover, it is also possible that mutp53 is actively involved in immunosuppression as a gain-of-function activity. Further investigation is needed to clarify these unexplored hypotheses. In summary, p53 guards the genome in many different ways (27) , one of which is by commanding CTLs.
